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Introduction
Activation of NFjB family members involves the phosphorylation and degradation of IjB proteins, allowing translocation of NFjB to the nucleus where it binds to NFjB response elements and regulates transcription of target genes (Hayden and Ghosh, 2004) . The dynamics of degradation and synthesis of different IjBs allows temporal control and stability of NFjB responses (Hoffmann et al., 2002) . Dorsal (Dl) was the first NFjB/Rel family member identified in Drosophila, regulating gene transcription during embryonic dorsal-ventral (DV) patterning (Stathopoulos and Levine, 2002) . Additional members of the NFjB family identified in Drosophila, DIF (from dorsalmediated immunity factor, (Ip et al., 1993) and Relish (similar to NFjB1 (p105), (Dushay et al., 1996) transcribed (Moussian and Roth, 2005) . In the embryo, activation of the Toll receptor leads to phosphorylation and proteosomal degradation of the IjB homologue encoded by cactus (cact), allowing Dl nuclear translocation. Subsequently, different thresholds for regulation by Dl subdivide the embryo in a series of DV zygotic gene expression domains (Stathopoulos and Levine, 2002) .
Another mechanism relevant to Dl activation, is the so-called ''signal independent pathway'' of Cact degradation (Belvin et al., 1995; Bergmann et al., 1996; Liu et al., 1997; Reach et al., 1996) , which runs in parallel to regulatory mechanisms induced by Toll (Anderson et al., 1985; Drier et al., 1999; Gillespie and Wasserman, 1994; Hecht and Anderson, 1993; Roth et al., 1991; Shelton and Wasserman, 1993; Sun et al., 2004) . Although the main components of the Toll pathway of Cact degradation have been described in detail (Moussian and Roth, 2005) , only a small number of elements involved in the signal independent pathway have been elucidated. Two reports suggest that the constitutively active Casein Kinase II (CKII) phosphorylates Cact, inducing degradation through the signal independent pathway (Liu et al., 1997; Packman et al., 1997) . We have shown that the BMP protein encoded by decapentaplegic (dpp) acts in parallel to Toll to regulate Cact levels (Araujo and Bier, 2000; Carneiro et al., 2006) . Maternal Dpp, delivered by somatic follicle cells, acts on Tkv receptors in the early embryo to decrease Dl nuclear levels (Araujo and Bier, 2000; Carneiro et al., 2006) , suggesting dpp may be a fundamental upstream component of the signal independent pathway of Cact degradation. In mammalian cells, constitutive degradation of IjB independent of the proteosome may regulate basal levels of IjB and thus the duration of the NFjB response (Karin and Ben-Neriah, 2000) . However, while vertebrate NFjB responses are modulated by several IjB proteins (Hoffmann et al., 2002) , the Drosophila embryo exhibits a broad range of Dl responses dependent on degradation of the IjB homologue encoded by cact. Therefore, especially for Drosophila, multiple pathways for degradation of IjB proteins may potentially increase the number of possible NFjB outputs.
In order to identify additional loci that may be part of the signal-independent pathway of Cact degradation, we chose to test the effect of Ca 2+ -dependent proteases of the Calpain family on DV patterning. Our choice was based on previous reports showing that vertebrate Calpains target IjB family members for degradation in vitro, in parallel to the proteosome (Han et al., 1999; Shumway et al., 1999) . As a result of the present analysis we find that the Ca 2+ -dependent protease Calpain A (CalpA) affects embryonic DV patterning by targeting Cact protein. In addition, maternal Dpp requires CalpA for its effect on DV patterning, suggesting an epistatic relationship between these loci. These results provide the first description of a critical link between the BMP pathway, calcium signaling and activation of NFjB/rel factors.
Results

Calpain A affects embryonic cuticle patterning
Cystein proteases of the Calpain family are ubiquitously expressed enzymes that display a Calmodulin-like Ca 2+ binding domain (Sorimachi et al., 1997) . They are involved in basic cellular functions, processing a great number of proteins in response to intracellular signaling pathways mediated by Ca 2+ . Four loci encoding Calpains have been described in Drosophila: CalpA, CalpB, CalpC and small optic lobes (Delaney et al., 1991; Emori and Saigo, 1994; Jekely and Friedrich, 1999a; Theopold et al., 1995) . Both CalpA and B are expressed during oogenesis and observed in the early embryo (Emori and Saigo, 1994; Farkas et al., 2004) , while expression of CalpC during these stages is controversial (Spadoni et al., 2003) . Maternal CalpA protein is initially localized at the anterior pole of the early pre-blastoderm embryo (stages 1-2, 0-1 h after egg lay at 25°C -AEL) and subsequently spreads throughout the entire syncitial blastoderm (1.5-3 h AEL) (Emori and Saigo, 1994) . During cellularization CalpA concentrates beneath precleavage furrows (Emori and Saigo, 1994) . We have performed double stranded RNA interference (RNAi) assays to induce silencing of Calpain-coding loci during early embryogenesis ( Fig. 1 and Table 1 ). CalpA and CalpB RNAi resulted in significant embryonic phenotypes, with $70% of non-hatching larvae displaying cuticle defects. As a consequence of CalpA RNAi, 48% of cuticles displayed either a ''tail-up'' phenotype or narrowing of ventral denticle belts (Fig. 1B, C and Table 1 ). These characteristics have been classically assigned as ''dorsalized'' phenotypes resulting from DV patterning defects. Furthermore, 23% of severely affected cuticles were also observed. These stunted cuticles displayed head defects, dorsal hairs and sparse residual denticles (Fig. 1D) , suggestive of structural defects in addition to alterations in DV patterning. CalpA RNAi phenotypes are dependent on concentration, with a significant decrease in embryonic viability above 0.5 lg/ll dsRNA (Supplementary data Fig. 1 ). CalpA RNAi likely interferes with CalpA expression in the late pre-blastoderm and syncitial blastoderm stages ($1-2 h development), since phenotypes are perceived throughout the entire embryo instead of restricted to the anterior site of early CalpA expression (Emori and Saigo, 1994) . Accordingly, CalpA RNAi results in loss of anti-Calpain staining in the syncitial blastoderm ( Fig. 1E and F) .
CalpB knockdowns also resulted in alterations along the DV axis. However, the low proportion of differentiated cuticles hindered further analysis. This cuticle differentiation phenotype is even more pronounced in CalpC RNAi (Table 1) . Knockdowns for other Ca
2+
-dependent protein coding loci such as CanB2, which codes for the active subunit of the phosphatase Calcineurin, and for Cbp33, which codes for Calbindin, did not result in significant DV phenotypes. Therefore, the CalpA RNAi DV phenotypes are specific. Conversely, knockdowns for the Calmodulin locus (Cam), coding for a protein that sequesters Ca 2+ ions required for activation of several proteins, produced DV cuticle defects. We also tested whether CKII alters cuticle patterning, since it regulates Toll independent Cact degradation (Liu et al., 1997; Packman et al., 1997) . Knockdowns for the locus encoding the active subunit of the enzyme (CkIIa) generated a significant percentage of dorsalized cuticles (28%), in agreement with the reported effect of CKII to reduce Cact levels. Unlike CalpA knockdowns these cuticles did not display severe head defects ( Supplementary  Fig. 2B and Table 1 ). However, a range of phenotypes were observed in addition to dorsalization ( Supplementary Fig. 2C ), Table 1 ). Anterior defects are also observed in B-D. Insets show regular filzkö rper in (C) and reminiscent denticles (de) and dorsal hairs (dh) in (D likely reflecting the variety of CKII targets (Bird et al., 1997; Jaffe et al., 1997; Lin et al., 1997 Lin et al., , 2002 Litchfield,2003) . Due to this great variability, these assays were not explored further.
Calpain A alters the size and position of Dorsal target gene expression domains
Subsequently, we asked whether the DV cuticle phenotypes obtained as a result of CalpA blockage were a consequence of early effects on DV patterning. A decrease in nuclear Dorsal could result in a reduction in ventral and lateral gene expression domains leading to dorsalization of the cuticle. Subtle alterations in the Dl gradient are difficult to detect in the fragile whole mount injected embryos. However, in approximately 30% of CalpA RNAi embryos, we observed a clear decrease in ventral nuclear Dl ( Fig. 1G and H) . The difference in fluorescence levels between dorsal and ventral nuclei in these embryos is also decreased, suggesting formation of a shallow Dl gradient. Furthermore, CalpA RNAi alters the weak dorsal-to-ventral cytoplasmic Cact gradient (Reach et al., 1996; Fig. 1I-K) . In order to verify more subtle effects of CalpA RNAi on the Dl gradient, we performed in situ hybridization for Dl target genes. CalpA knockdowns resulted in a variable pattern of expression of Dl target genes: the extent of sna expression in the ventral presumptive mesoderm is greatly decreased ( Fig. 1P and Q ; from 12 to 18 cells in wild type versus 62% with 6-10 cells and 25% with 8-12 cells in CalpA dsRNA injected embryos, n = 16; embryos with no staining were not considered). Conversely, a slight narrowing of the mesoderm was perceived in control buffer injected embryos (8-14 cells, 47% penetrant, n = 19). In the neuroectoderm, the ventrolateral vnd domain is either irregularly expanded or reduced and always ventrally displaced in CalpA dsRNA injected embryos ( Fig. 1L-N, 39% reduced, 33% expanded, n = 18). Accordingly, the lateral sog expression domain is ventrally shifted and sometimes reduced under this condition ( Fig. 1O; Supplementary data Fig. 3) . Surprisingly, we were unable to detect a ventral shift in the zygotic dpp domain, a target of Dl repression, as dpp expression levels are decreased (Fig. 1S ). This pattern is never observed in buffer injected embryos (Fig. 1R) .
A reduction in the mesoderm and ventral shift in lateral domains, as observed for CalpA RNAi, may result from reduced Dl nuclear levels. In addition, the altered extent of lateral domains such as vnd and sog (Fig. 1L-O and Supplementary data Fig. 3) indicates that the slope of the Dl gradient is modified. This interpretation is in line with the pattern of Dl staining presented earlier ( Fig. 1G and H) . These results indicate that the expansion of dorsolateral cuticle and reduction in the width of ventral denticle belts observed under CalpA RNAi are a result of modifications in the Dl nuclear gradient. While the data presented above are consistent with moderate dorsalization of the embryo, they do not conform to the phenotypes reported for decreased Toll signaling (Roth et al., 1991) . The altered width of lateral neuroectodermal territories more closely resembles embryonic phenotypes resulting from alterations in the maternal Dpp pathway (Carneiro et al., 2006) (Supplementary data Fig. 3A and B) . Furthermore, CalpA dsRNA injected embryos displayed reduced variability in the size of the vnd domain when generated from dlÀ heterozygous mothers (Supplementary data Fig. 3D ). A similar behavior was observed upon blockage of maternal Dpp (Carneiro et al., 2006) .
2.3.
Cactus is regulated by Calpain A
As Cact plays a fundamental role in DV patterning, we tested whether CalpA modifies Cact levels. Upon CalpA RNAi, we observed increased levels of maternal Cact protein ( Fig. 1T ), most notably in the slow migrating, phosphorylated Cactus band (Belvin et al., 1995; Reach et al., 1996; Whalen and Steward, 1993) , suggesting Cact is indeed a CalpA target. The increase in Cact levels, although manifest in wild type embryos (not shown), is higher in embryos from dl[I5]/+ Cuticle phenotypes of wild type embryos injected with double stranded RNA (0.5 lg/ll) for the loci listed. ''Differentiated cuticles'' refers to nonecloding larvae that developed cuticle pattern elements that are scored as follows: V++ -extended and ectopic ventral denticle bands, remnants of filzkö rper material; V+ -slightly extended ventral denticle belts, dorsolateral filzkö rper internalized; WT -morphologically equivalent to WT; D+ -tail-up phenotype (Fig. 1B) ; D++ -narrow denticle belts, filzkö rper present (Fig. 1C) ; D+++ -few or absent denticles, short body, ectopic dorsal hairs, filzkö rper material (Fig. 1D) ; ''other'' includes cuticles with disorganized denticles or fusion of adjacent denticle belts. For CkIIa RNAi this class includes fusion between A4 and A5 denticle belts (Supplementary data Fig. 2C ). Note that CanB2 and Calbindin (Calb or Cbp53E) and buffer injected embryos display a similar proportion of the weak D+ phenotype. ''Poorly differ.'' refers to non-ecloding larvae that displayed poorly differentiated cuticles and are not included in ''n scored''. (*) The hatch rate for Cbp53E and buffer was over 30%. In all other conditions the hatch rate was below 5%. Hatched larvae are not scored under ''cuticle phenotype''. Double injections were also performed with dsRNA for CalpA + CalpB (0.25 + 0.25 lg/ll) but generated few differentiated cuticles (9%). ND, not determined.
mothers. In knockdowns for CkIIa, an increase in Cact levels is also observed (Supplementary data Fig. 2D ). Given that Calpains may process an array of proteins, it is relevant to test whether Cact is the main target of CalpA during DV patterning. Knockdown of CalpA in embryos from mothers carrying cact loss-of-function alleles (cact[A2]/ cact[011]) was unable to modify the cactÀ phenotype ( Fig. 2A and B). In contrast, knockdowns for Cam, which also generate dorsalized cuticles in a wild type background, decrease the ventralized cact phenotype (Fig. 2C ). Since dsRNA injections significantly reduced mRNA levels ( Fig. 2F ) this indicates that, unlike CalpA, Cam does not require cact to alter the DV axis and thus points to specificity in the effect of CalpA RNAi. We performed a second epistasis analysis by using double knockdowns for CalpA and cact. Under cact RNAi the resulting embryos displayed ventralized cuticles of the V3 and V4 classes (as in Roth, 2001 , Fig. 2D ). In double knockdowns for CalpA and cact, the proportion of V3 cuticles remains unchanged ( Fig. 2D , E, and G). Reminiscent cact activity may explain the small decrease in the number of weakly ventralized V4 cuticles with concomitant increase in cuticles of the weakly dorsalized classes, as result of an additive effect of CalpA + cact RNAi. These data indicate that Cact is the main target of CalpA in DV patterning. However, we cannot assure whether this is a direct effect. Although IjB family members have been described as direct targets of Calpains in vitro (Jekely and Friedrich, 1999b; Tompa et al., 2004) , we cannot rule out the existence of a primary effect of CalpA on another direct substrate which then alters the levels of Cact protein.
2.4.
The Cactus PEST domain is required for Calpain A action Cact protein has separate domains that are targets for signal-dependent and signal-independent degradation (Belvin et al., 1995; Bergmann et al., 1996; Fernandez et al., 2001; Reach et al., 1996) . Sequences in the N-terminal mediate Toll dependent degradation (Bergmann et al., 1996; Fernandez et al., 2001 ), while C-terminal sequences comprising the PEST domain are associated with degradation through the signal independent pathway (Bergmann et al., 1996; Liu et al., 1997) . In vertebrates, deletion of the IjBa PEST domain leads to an increase in steady-state levels of the protein (Lin et al., 1996; Van Antwerp and Verma, 1996) . Calpain substrates have been widely assigned based of the presence of a PEST domain in their structure, although PEST sequences may not always be essential for proteolysis . We have tested the requirement of the Cact PEST domain for CalpA action. CalpA mRNA injections cause weak cuticle phenotypes (not shown). However, concomitant injection of cact and CalpA mRNAs shows that endogenous (Fig. 3A) as well as exogenous (Fig. 3C) wild type Cact is decreased in the presence of CalpA. In contrast, PEST deleted Cact is resilient to degradation by CalpA (Fig. 3B and D) . Thus, the C-terminal PEST domain of Cact is required for CalpA action, similar to the effect described for mammalian Calpain and IjBa (Han et al., 1999; Shumway et al., 1999) . It has been reported that CKII phosphorylates serine residues within the Cact PEST domain (Liu et al., 1997) . Examination of the relative levels of slowly migrating phosphorylated (P) versus fast migrating non-phosphorylated (N) Cact bands (Belvin et al., 1995; Liu et al., 1997) shows that CalpA RNAi (Fig. 1T ) or mRNA injections (Fig. 3A ) modify this ratio in wild type Cact (Supplementary data Fig. 4 ). This indicates that the upper phosphorylated band is the preferential target of CalpA. Conversely, the relative levels of P and N are unchanged in PEST deleted Cact ( Fig. 3D and Supplementary data Fig. 4 ), suggesting that phosphorylation within the PEST domain may be required for proteolysis by CalpA.
Calpain A activity and localization
CalpA protein has been reported to co-localize with actin filaments at cleavage furrows (Emori and Saigo, 1994) , to exhibit a putative membrane-anchoring segment and increased activity in the presence of phospholipids (Jekely and Friedrich, 1999a) . This is consistent with plasma membrane-associated CalpA activity, which is different from CalpB whose activity is detected in the cytoplasm, associated to intracellular membranes Jekely and Friedrich, 1999a) . Distribution of CalpA protein in wild type embryos closely resembles the pattern of Tube and Pelle localization, forming a mesh-like array characteristic of proteins associated with the membranes and cytoskeleton (Fig. 4K) (Towb et al., 1998) . Cact is distributed closely to this array, presenting a partial overlap with CalpA. (Fig. 4A, B , and K). In embryos lacking Toll signals (from gdÀ mothers) this mesh-like pattern is lost, with CalpA displaying a diffuse distribution in the apical cytoplasm throughout the embryo (Fig. 4C , D, and L). This suggests that CalpA may associate to the sub-membranous Toll signaling complex. Interestingly, in embryos from gdÀ mothers Cact and CalpA co-localize at the apical cytoplasm ( Fig. 4L) , suggesting a close association between these two proteins. Supporting this hypothesis, apical CalpA is redistributed to the basal cytoplasm in embryos from cactÀ moth- reported (Bergmann et al., 1996; Reach et al., 1996) . CalpA and Cact co-localize at the sub-membranous compartment in dorsal ( ), 50 mM CaCl 2 + E-64 60 lM (E-64) or 20 mM EGTA (EGTA). Samples prepared in parallel from cactÀ embryos were tested in the presence of 50 mM CaCl 2 (cactÀ). Substrate hydrolysis was monitored continuously for at least 150 s. Each point represents the mean activities ± SEM of two independent experiments, performed in duplicate. (N) Calpain activity levels in mutant embryos. Samples from membrane enriched fractions, prepared in parallel from 0 to 2.0 h old embryos from mataGAL4VP16 > CS (control, equivalent to CS), mataGAL4VP16 > tkv[DN] (tkvDN) or gdÀ/gdÀ (gdÀ) mothers were tested for Calpain activity as in N. Control values were considered 1.0 as reference, the values of each tested group was normalized compared to controls, represented collectively as ctrl. Each point represents the mean activities ± SEM of two independent experiments, performed in duplicate. Activity is increased in membrane fractions of tkvDN embryos and unchanged in embryos from gdÀ mothers. No change in the cytosol is observed in either condition (not shown). Fig. 4E and F) . CalpA also redistributes ventrally in embryos from dlÀ mothers, conforming to decreased ventral Cact ( Fig. 4G and H) . Redistribution of CalpA from the submembranous apical cytoplasm into the basal cytoplasm in cact-embryos correlates with loss of Calpain activity, as measured in vitro with the fluorogenic substrate N-LY-AMC (Fig. 4M) . In wild type embryos, greater Calpain activity is detected in membrane-enriched relative to cytosolic fractions (Fig. 4M) . Activity in both fractions is decreased in embryos from cactÀ mothers (Fig. 4M) . Although N-LY-AMC may be a substrate for both CalpA and CalpB, membrane-enriched fractions are likely enriched in CalpA activity, as supported by previous biochemical characterization (Jekely and Friedrich, 1999a) . These data suggest that apical localization of CalpA, and possibly membrane association, is necessary for CalpA activity. Moreover, these results point to the existence of a close interaction between Cact and CalpA.
ers (
Early expression of a dominant-negative form of the Tkv receptor (mataGAL4VP16) mothers crossed to UAS-tkv [DN] males, hereafter referred to as tkvDN embryos) results in increased Calpain activity (Fig. 4N ). This behavior is consistent with a role for maternal Dpp in inhibiting Calpain activity, leading to an increase in Cact levels (Araujo and Bier, 2000) . Accordingly, in tkvDN embryos Cact staining is reduced ( Fig. 4J and J 0 ). CalpA distribution is also altered under this condition. Apical CalpA staining is clustered in tkvDN (either from wild type or dlÀ/+ mothers), suggestive of receptor association at the plasma membrane (Fig. 4I, inset) . In contrast, no significant alteration in Calpain activity is detected in embryos from gdÀ mothers (Fig. 4N) , indicating that CalpA activity does not depend on Toll signals.
Calpain A is regulated by Dpp signaling
We have shown above that CalpA and maternal dpp DV phenotypes are similar. In addition, Calpain activity is increased in tkvDN. Thus, it is possible that Dpp and CalpA are hierarchically placed in a common pathway. To investigate an epistatic relationship between dpp and CalpA, we have blocked maternal Dpp signaling and in this context performed CalpA RNAi. Initially we injected dsRNA for CalpA into embryos derived from mothers overexpressing the extracellular dpp antagonist short gastrulation (sog) (8xhs sog mothers) (Araujo and Bier, 2000) . These injections blocked the ventralized phenotypes resulting from sog overexpression (Table 2 and Fig. 5A-C) . We performed a second epistasis test in the context of Dpp blockage at the receptor level. Driving early expression (1-2.5 h, stages 2-4, Supplementary data Fig. 5 ) of tkvDN in embryos derived from dlÀ/+ mothers results in weakly ventralized cuticles (Table 3 and Fig. 5D ). CalpA RNAi reverts the effect of tkvDN, generating cuticles that resemble control dsRNA CalpA injections (Table 3 and Fig. 5D-F) . These results indicate that CalpA is placed hierarchically downstream of both sog and dpp.
2.7.
Dpp regulates CalpainA RNA levels
The canonical BMP pathway requires that BMPs bind Ser/ Thr receptors and signal through Smads and co-Smads, which translocate to the nucleus to regulate gene transcription. However, since both dl and cact mRNAs are maternally provided, it is unlikely that maternal Dpp regulates DV patterning by altering dl or cact transcription. The early effect of Dpp on Cact levels and the requirement of the Cact PEST domain for Dpp action (Araujo and Bier, 2000) suggest that Dpp exerts an effect on Cact protein. Since our results indicate that CalpA is epistatic to dpp, and that CalpA alters Cact levels and distribution, Dpp signals may alter Cact protein levels indirectly, by regulating CalpA levels and/or activity.
In order to test whether maternal Dpp would regulate CalpA mRNA levels we performed semi-quantitative RT-PCR in tkvDN embryos (Fig. 6A) . RNA was prepared at 30-min intervals, from 0 to 2.0 h of development. CalpA transcripts were observed throughout the entire interval (not shown). Blockage of Dpp resulted in increased CalpA RNA levels, in agreement with the epistatic analysis performed above (Fig. 5 ). In contrast, RNA levels for Cam and CalpB are not significantly changed relative to wild type, indicating specificity of Dpp action on CalpA. Quantitation of RNA levels by Real-Time PCR shows a 2-to 3-fold increase of CalpA mRNA levels upon Dpp blockage during the 30 min to 2 h interval (Fig. 6B) . Levels of CkIIa mRNA are also increased upon Dpp blockage (Fig. 6D ).
An increase in CalpA mRNA levels upon Dpp blockage is expected to result in an increase in CalpA protein levels and/or activity. The clustered appearance of CalpA staining at the membrane ( Fig. 4I and J) and the increase in Calpain activity in tkvDN embryos (Fig. 4N) conform to this prediction. Interestingly, between 30 min and 2.0 h development, Cact protein pattern changes dramatically in tkvDN embryos (Fig. 6C) . Blocking Dpp signals modifies the ratio between Non-hatching embryos that completed embryogenesis, obtained from heat shocked WT mothers or mothers containing 8 copies of an hs-sog construct (8xhs sog, 15 min heat shock during mid-oogenesis, collected for injection 22-24 h later) were injected at stage 2 with 0.5 lg/ll dsRNA for CalpA or with buffer, and aged for cuticle preparation. Phenotypic classification: *Embryos injected with buffer, from 8xhs sog mothers, have ventralized (V) cuticles of varying degrees, as in (Araujo and Bier, 2000) . Other phenotypes follow the classification in Table 1 . As an effect of CalpA knockdown only dorsalized cuticles are obtained.
slowly migrating (P band) versus fast migrating (N band) maternal Cact: levels of the phosphorylated band accumulate relative to the unphosphorylated band between 30 min and 1.0 h, then both decrease notably between 1.0 h and 1.5 h. This decrease in maternal Cact protein may be a consequence of increased CalpA protein levels translated from the previous 30 min to 1.0 h mRNA pool. A similar decrease in total Cact protein as well as in the P/N ratio is observed upon CalpA mRNA injection ( Fig. 4A and Supplementary data Fig. 4 ).
Discussion
An early effect of CalpainA during embryonic DV patterning in Drosophila
As a fundamental messenger in the cell, Ca 2+ ions exert several effects by binding to Ca 2+ -dependent proteins during the development and physiology of metazoans. In the early Drosophila embryo, Ca 2+ gradients appear to be correlated with axial patterning (Creton et al., 2000) . Thus, Toll and Ca 2+ -dependent processes may take place along equivalent periods to pattern the DV axis. Previous data has suggested that Ca
2+
destabilizes Cact protein (Bolatto et al., 2003; Kubota and Gay, 1995) . Ca 2+ has also been reported to play a role in DV axis specification in vertebrates (Palma et al., 2001; Webb and Miller, 2000, for review) . In this report we provide evidence that the protease CalpA, most likely responding to Ca 2+ signals triggered in the early embryo, functions to regulate DV patterning. Knockdowns for CalpA result in displacement of gene expression territories along the DV axis and loss of ventral cuticle elements. These alterations are consistent with, and probably a result of, a modification in Dl levels. Furthermore, CalpA RNAi results in altered Dl and Cact distribution, as well as increased amounts of total Cact protein. These effects are observed in early embryos (0-2 h AEL), before the onset of zygotic transcription. Considering the timing of the events reported, it may be argued that the DV phenotypes generated by CalpA RNAi are due, to a great extent, to an early effect previous or concomitant with establishment of the Dl gradient, by releasing an inhibitory action on Cact protein levels.
Interestingly, interdependence between Dl, Cact and CalpA is perceived in syncitial blastoderm embryos: CalpA distribution and activity seems to depend on Cact and Dl. Conversely, CalpA knockdowns alter Cact and Dl distribution. This may suggest a physical interaction between these proteins or an interaction between CalpA and elements that regulate Cact and Dl distribution. Further assays should be performed in the future to test for a direct physical association between Dl, Cact and CalpA proteins.
Components of the Toll independent pathway of Cactus degradation
In our efforts to characterize elements of the signal independent pathway of Cact degradation we have shown that:
(1) early blockage of CalpA and CkIIa or an increase in maternal dpp generates dorsalized embryos; (2) CalpA requires the Cact PEST domain to decrease Cact levels; (3) maternal dpp modifies Cact levels dependent on the PEST domain (Araujo and Bier, 2000) ; (4) dpp alters CalpA RNA levels; (5) dpp alters CalpA activity and (6) CalpA is epistatic to dpp. In addition, altered CalpA expression modifies the ratio between phosphorylated and non-phosphorylated Cact bands, suggesting it requires phosphorylation by CKII previous to Cact degradation. These results argue that the CalpA, CkIIa and dpp loci are part of a regulatory cassette that regulates Cact levels independent of Toll. As vertebrate CKII phosphorylates IjBa, -tkv[DN] ). PCR lanes in the logarithmic phase of amplification are shown. rp49 was used as loading control. 0.5 and 1.0 h indicate endpoints for embryo collections (at 30 min intervals). bcd and dpp (not shown) were assayed to assure that at early stages (0-1 h) only maternal mRNAs (bcd) but not zygotic messages (dpp) are present. Levels of the two CalpA transcripts were analyzed and revealed equivalent behavior. None showed strictly maternal or zygotic expression (not shown). CalpA (B) and CkIIa (D) mRNA levels relative to rp49 mRNA were measured using Real-Time PCR. RNAs were prepared from mataGAL4VP16 mothers crossed to wild type males (WT) or to UAS-tkv[DN] males. Error bars are two times SEM and indicate the 95% confidence interval of the mean (nonoverlapping intervals denote significant differences at the 0.05 level). (C) Western blot displaying temporal profile of Cact protein in wild type versus tkvDN embryos. Between 0.5 and 1.5 h the relative levels of phosphorylated (P) and nonphosphorylated (N) Cact changes greatly in tkvDN (asterisk; P/N = 1.35 in wild type versus 1.55 and 1.0 in 0.5-1 h and 1-2 h tkvDN embryos, respectively).
directing degradation by l-calpain (Shen et al., 2001 ), a plausible mechanistic scenario for the ''signal-independent module'' would implicate constitutive phosphorylation of Cact by CKII (Liu et al., 1997; Packman et al., 1997) , directing proteolysis by CalpA. Maternal Dpp signals in turn would decrease CalpA activity, inhibiting degradation and restoring basal Cact levels (Carneiro et al., 2006) .
CalpA is a regulatory enzyme that in vitro requires nonphysiological Ca 2+ concentrations (2-4 mM) for activation . The Ca 2+ -requirement may be lowered in vivo by the presence of phospholipids, suggesting that compartmentalization at the plasma membrane may allow activation at low Ca 2+ levels. Upon activation CalpA undergoes autolysis, a process reported for several mammalian and invertebrate Calpains. Particularly for CalpA, autolysis is followed by termination of activation through self-degradation . Therefore, the time of CalpA activation may be short and precisely controlled. Interestingly, our data indicates apical localization as a requirement for CalpA activity, consistent with activation of CalpA at the plasma membrane. As interdependence between Cact and CalpA is supported by the present analysis, we reason that CalpA may regulate Cact levels in transit along or at the plasma membrane, available for interaction with the Toll signaling complex. Considering the partial overlap observed between Cact and CalpA in the sub-membranous compartment (Fig. 4K ), this effect would be transient, in agreement with the CalpA activation/deactivation process. Recently, DeLotto et al. (2007) reported that the distribution of Dl in the early embryo is a highly dynamic process, transiting between the cytoplasm and nucleus, even in the absence of Toll signaling. Although it has not yet been investigated, it is possible that Cact undergoes corresponding dynamics. In this context, CalpA may be a regulator of Cact dynamics. Thus, it is pertinent that sub-membranous association of CalpA depends on the cell cycle, as the mesh-like pattern is only observed during interfase (Araujo, unpublished) , recalling the dynamics of the Dl gradient.
3.3.
The role of CalpA and the Toll independent pathway of Cactus degradation in DV patterning
Our present data and previous reports implicate CalpA and dpp in the Toll independent pathway of Cactus degradation (Araujo and Bier, 2000; Carneiro et al., 2006) . However, the exact contribution of the Toll independent pathway to patterning along the fly DV axis is not completely understood. The physiological relevance of the Toll independent pathway stems from the effect of altering its components. We have shown that alterations in maternal Dpp signaling modify the location and extent of DV domains (Araujo and Bier, 2000; Carneiro et al., 2006) . CalpA RNAi generates similar phenotypes. On the other hand, strongly dorsalized embryos characteristic of recessive Toll pathway mutants are never observed in either condition. Such behavior indicates that dpp and CalpA action are secondary to the establishment of the Dl gradient by the Toll pathway. Interestingly, all effects of CalpA and dpp are more prominent in embryos from dlÀ heterozygous mothers (Araujo and Bier, 2000; Carneiro et al., 2006 ; this report). Increased sensitivity in the presence of decreased Dl levels may be explained by a requirement of Dl and/or Cact for maximal CalpA activity, as suggested by decreased Calpain activity in embryos from cactÀ mothers. In this scenario, the amount of active CalpA would be reduced in embryos from dlÀ/+ mothers, suggesting that CalpA serves to buffer fluctuations in Dl nuclear accumulation established by the central Toll pathway. This interpretation is coherent with the irregular pattern of Dl-target gene expression observed under CalpA RNAi.
Changes in the extent of lateral neuroectodermal domains upon alteration of dpp (Araujo and Bier, 2000; Carneiro et al., 2006) or CalpA (this report) suggest that the slope of the Dl gradient has been modified (Chang and Morisato, 2002) . That is, differences in the amount of Dl in adjacent nuclei are smaller once the Toll independent pathway is blocked. This would explain the resulting overlaps between what should be mutually exclusive mesodermal and neuroectodermal expression domains (Araujo and Bier, 2000) . Therefore, it could be argued that the Toll independent pathway ensures discrete levels of nuclear Dl along the DV axis. Whether this results from regulating the absolute amounts of nuclear Dl or from regulating the dynamics of the Dl gradient (DeLotto et al., 2007) remains an issue to be tested.
Mechanism of Dpp action on Calpain A-induced Cactus degradation
The results presented in this manuscript support the existence of an epistatic relationship between dpp, CalpA and cact. However, the mechanism for CalpA regulation by dpp is not completely resolved. The early increase in CalpA mRNA upon Dpp blockage (starting at 0.5-1.0 h AEL) is in agreement with an effect of Dpp before or during establishment of the Dl gradient, which is first perceived at 1.5 h development. On the other hand, although Dpp signaling elements are maternally provided (Brummel et al., 1994; Hudson et al., 1998; Okano et al., 1994; Sekelsky et al., 1995; Terracol and Lengyel, 1994; Wisotzkey et al., 1998) , transcription in the early embryo does not take place before 1 h of development (De Renzis et al., 2007; Tadros et al., 2007; ten Bosch et al., 2006) . Therefore, although we are yet unable to tell whether the changes in these RNA levels reflect altered transcription of zygotic CalpA or altered RNA turnover of maternal CalpA transcripts, we tend to favor the latter hypothesis. It has been reported that Smads may regulate mRNA stability and turnover (Sheng et al., 2000; Shiou et al., 2006; Tsukada et al., 2005) . We have not detected mRNA destabilization sequences such as clusters of AU rich elements (ARE) or Smaug responsive elements (SRE) in CalpA (not shown), however it is still possible that maternal Dpp targets uncharacterized elements in the maternally transcribed CalpA mRNA pool. On the other hand, it has been previously reported that CkIIa maternal RNA stability is regulated by smaug (Tadros et al., 2007) , consistent with the decrease in mRNA levels in control embryos after 1 h development (Fig. 6D) .
Dpp blockage induces a decrease in Cact staining ( Fig. 4I  and J) , probably resulting from the 4-fold increase in Calpain activity (Fig. 4N) . Such increase is likely due to the 2-to 3-fold increase in CalpA mRNA levels observed under the same condition. A low increase in mRNA levels could have great impact on CalpA action, especially if we consider that CalpA suffers degradation following activation and thus may require constant resynthesis from the existing mRNA pool. Alternatively, if the increase in CalpA mRNA levels is secondary to the action of Dpp on CalpA activity, then alternative mechanisms would have to be suggested to explain the action of maternal Dpp signals. These could include the existence of a noncanonical BMP pathway in the early embryo involving tak and tbp (Mihaly et al., 2001) . Further analysis will be required to define whether Dpp exerts a direct effect on CalpA mRNA levels or whether these are reflect of indirect control.
Altogether, the results presented in this manuscript point to an early effect of maternal Dpp on Cact levels, in parallel to Toll signals, by inhibiting CalpA action. As a consequence, Cact levels are increased and the Dl gradient becomes steeper. Thus, potential new targets for the regulation of Dl activity are indicated as novel elements of the ''Toll independent pathway for Cact degradation''.
4.
Experimental procedures Johnston. The 8xhs sog line is described in (Yu et al., 2004) . All other mutants, balancers and chromosomal markers used in this study (Lindsley and Zimm, 1992) 
Cuticle preparations
Cuticles were prepared and analyzed as described (Araujo and Bier, 2000) . Scoring of cuticle phenotypes was performed in a blind setting. In quantitative assays cuticles were kept in vitelline membranes to allow unbiased analysis due to putative fragility of severely affected embryos.
Western blotting
Total cellular contents were collected from injected embryos as described (Araujo and Bier, 2000) , 1 h (at 18°C) after mRNA or dsRNA injections. Blots were incubated with antiCactus 3H12 (1:1000; developed by Dr. Ruth Steward and obtained from the Developmental Studies Hybridoma Bank under the auspices of the NICHD, maintained at The University of Iowa, Department of Biological Sciences), and revealed by chemiluminescence. To ensure equivalent protein loading, membranes were stripped of antibodies in 200 mM glycine buffer, pH 2.2, and re-probed with anti-Tubulin (DM1a Sigma, 1:4000). During the developmental period analyzed, only maternal Cact forms are expressed. For quantitation of Cact protein, the luminosity of individual negative bands was defined using the histogram function of Photoshop and normalized against Tubulin. Film exposures in the linear phase of detection were used for quantitation of autoradiograms. SEM was defined from normalized Cact, measured in at least three independent experiments. Statistical analysis was performed with Student's t-test.
4.4.
In situ hybridization and antibody staining
In situ hybridization was performed as previously described (Araujo and Bier, 2000) . Primary antibodies used: rabbit anti-Calpain A, generously provided by Dr. Saigo (1:100; Emori and Saigo, 1994) ; mouse anti-Cactus 3H12 (1:100; DSHB as above); mouse anti-Dorsal (1:20; provided by Dr. Ruth Steward). Secondary antibodies used for double staining: anti-rabbit Alexa 488 plus anti-mouse Alexa 546 (1:200; Molecular Probes), visualized under a Zeiss LSM confocal microscope. DAPI probe was used to visualize nuclei (Molecular Probes).
RNA synthesis and injections
The cactDPEST construct was a generous gift from Dr. Wasserman (Reach et al., 1996) . Wild type cact and CalpA cDNAs were obtained from the Drosophila Genome Resource Center (Indiana University, Bloomington). mRNA synthesis was performed using the relevant MEGAscript in vitro transcription kits in the presence of capped GTP (Ambion). For double stranded RNA interference (RNAi), individual dsRNAs were generated using a MEGAscript T7 transcription kit (Ambion). Short ($400 bp) DNA templates were generated by PCR using sets of sense and antisense primers containing a 5 prime T7 RNA polymerase recognition sequence followed by the specific sequences for each locus (forward: accgaggacc aacaaaacag; and reverse: ttcgcgggtgttgataaagt for CalpA and others as outlined in RT-PCR). Potential off-targets were checked using appropriate tools at DRSC (http://flyrnai.org). 250 pl of RNA in injection buffer was deposited in the posterior end of stage 2 embryos using an IM 300 Narishige microinjector. Injected embryos were kept under halocarbon oil at 18°C in a moist chamber until the end of embryogenesis for cuticle preparations, or until Bownes stage 4-5 for in situ hybridization and immunological procedures.
4.6.
RT-PCR and quantitative Real-Time PCR (Zhao and Fernald, 2005) . Ct and mean efficiency values for each gene were obtained from Miner and exported to qBase software v1.3.5 (Hellemans et al., 2007) to define normalized expression values and SEM.
Calpain activity
Mutant or wild type 0-2 h old embryos were collected, washed in cold buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl and 0.05% Tween 20) and stored at À80°C. Samples were prepared in extraction buffer (25 mM Hepes, pH 7.5, 5 mM EDTA, 5 mM EGTA, 10 mM b-mercaptoethanol and 250 mM sucrose supplied with 1 mM PMSF and 0.1 lM aprotinin). Approximately 200 ll of frozen embryos per group were homogenized in extraction buffer at proportion 2:1 buffer:embryos in a Teflon/glass homogenizer with 15-20 strokes on ice. Homogenates were centrifuged at 100,000g for 1 h at 4°C. Cytosolic fractions were collected and membrane enriched fractions (pellets) were resuspended in 100 ll extraction buffer. Two independent samples were prepared for each genotype tested. Protein content was determined by the Lowry method with bovine serum albumin as standard. Calpain assays were performed using the fluorogenic substrate N-succinyl-LeuTyr-7-amido-4-methyl-coumarin (N-LY-AMC) (Calbiochem). Activity was determined by incubating samples (25-30 lg of protein) at room temperature, in activity buffer (10 mM Hepes, pH 7.5, 0.15 M NaCl, 1 mM EDTA and 10 mM b-mercaptoethanol) in the presence of 50 mM CaCl 2 and 0.65 mM of substrate. To test for specificity, 60 lM of the serine protease inhibitor E-64, or 20 mM of the calcium quelator EGTA (without CaCl 2 at incubation) was added to the activity buffer. Substrate hydrolysis was monitored in F-Max fluorometer (Molecular Devices) at 380 nm excitation and 460 nm emission wavelengths. Steady-state velocities were obtained by linear regression of the substrate hydrolysis curve.
